The inner boundary membrane appears to be the preferred region where nuclear encoded preproteins are and Michael Brunner 
to form the type of translocation supracomplexes required for further sorting of the precursor to the proper mitochondrial subcompartment (Schatz, 1996 ; Sirrenberg et al., 1997; Pfanner, 1998; Endres et al., 1999). The molecular mechanism underlying the formation of translocation contact sites has thus far not been investigated.
In this study, we address how Tim23 is involved in recruiting the TOM complex into contact sites to allow the coordinated translocation of precursors across both mitochondrial membranes. Tim23, an essential component of the TIM23 complex, consists of three distinct elements (Bauer et al., 1996) . The C-terminal half of the protein (approximately residues 100 to 222) is integrated into the inner membrane and is part of a voltage-gated protein-conducting channel. Residues 50 to 100 dimerize and thereby form a presequence receptor domain that is exposed into the intermembrane space. We show here that the N-terminal domain of Tim23 (residues 1 to 50) is essential for growth of yeast at elevated temperatures. The domain is necessary to mediate efficient precursor import into mitochondria but is not required for import into mitoplasts. Surprisingly, the N-terminal domain of Tim23 is exposed on the surface of the outer membrane. An import signal present in the N-terminal portion of Tim23 (Ká ldi et al., 1998) directs the insertion of this domain into the outer membrane. Since the C-terminal half of Tim23 is integrated into the inner membrane, the protein spans both mitochondrial membranes. This novel two-membrane-spanning topology of Tim23 has implications on the formation of translocation contact sites with the TOM complex. Thus, the TIM23 complex might be enriched in the inner boundary membrane. The TIM23 complex, though tethered to the outer membrane, does not, or at least not tightly, interact with the TOM complex in the absence of a precursor. (Bauer et al., 1996) were grown at 25ЊC in selective medium containing 2% galacadditional import signal is located within the first 50 tose to OD 600 ϭ 0.08 and then incubated at 37ЊC. Aliquots were amino acid residues of Tim23, and it targets the precurremoved after the indicated time periods, and OD 600 was determined.
sor to the mitochondria independent of ⌬ (Ká ldi et al.,
Cell number at 0 hr at 37ЊC was set equal to 1. 1998). This signal is not required for import and insertion of Tim23 into the inner membrane, and the N-terminal domain of Tim23 is not essential for the viability of yeast not shown) and nonfermentable carbon sources ( Figure  1A ). Tim23⌬50his12 cells that require galactose for in-(Bauer et al., 1996; Ká ldi et al., 1998). To characterize the function of this targeting signal, we constructed yeast duction (Bauer et al., 1996) were also temperature sensitive and did not grow at 37ЊC (Figure 1B ). At 15ЊC, strains that express N-terminally truncated versions of Tim23 from either single copy or multicopy plasTim23⌬50 cells and Tim23⌬50his12 cells produced mitochondria that contained less cristae than mitochonmids. Thus, Tim23⌬50 was expressed under control of the Tim23 promoter on a single copy plasmid, and dria from control cells. When these cells were grown at 24ЊC and 30ЊC or shifted to a nonpermissive temperature Tim23⌬50his12 was overexpressed under control of the Gal10 promoter on a multicopy plasmid. Characteriza-(37ЊC), the mitochondria were essentially devoid of cristae (data not shown). This suggests that the N-terminal tion of Tim23⌬50 cells revealed a temperature-sensitive growth phenotype in the presence of fermentable (data 50 amino acid residues are crucial for the function of into the inner membrane and into the matrix. The precursor of the ADP/ATP carrier (AAC) was efficiently imported into mitochondria from both strains (Figure 2A brane-spanning segment is predicted for the N-terminal domain (residues 1-50) and the intermediate domain (residues 51-100) of Tim23. To characterize in more deTim23. Apparently, the biogenesis of inner membrane proteins is severely affected in such cells. Even high tail the topology and submitochondrial localization of Tim23, mitochondria were either incubated in HEPESlevels of the N-terminally truncated Tim23 cannot rescue the morphological defects and the temperature-sensisorbitol buffer to keep the mitochondrial outer membrane intact or in HEPES buffer to generate mitoplasts tive growth phenotype.
by osmotic swelling. Mitochondria were treated with 300 g/ml proteinase K (PK), and mitoplasts were treated The N-Terminal Domain of Tim23 Facilitates the Transfer of Precursors from TOM to TIM with 50 g/ml PK. Samples were then subjected to SDS-PAGE and immunoblotting with ␣23-C antibodies diMitochondria were isolated from cells expressing Tim23⌬50his12 and from control cells (Tim23) that were rected against the C terminus of Tim23 and with ␣23 antibodies that recognize the N-terminal half of Tim23 grown at a permissive temperature. These mitochondria contained normal levels of Tim17 and of Tim44, both ( Figure 3A , upper and lower panel). To our surprise, Tim23 was clipped when intact mitochondria were components of the TIM23 complex (data not shown). The mitochondria were assayed for import of precursors treated with PK and a resistant fragment, Tim23*, was generated. Cleavage occurred at the N terminus of Tim23, since Tim23* was recognized by the C-terminal antibody and by ␣23. As estimated from the shift in electrophoretic mobility, the apparent molecular mass of Tim23* was approximately 2 kDa lower than that of full-size Tim23. This suggests that the N-terminal domain of Tim23 is accessible to PK in intact mitochondria. When mitoplasts were treated with PK, a 13 kDa fragment was generated, which was recognized by ␣23-C (upper panel) but not by ␣23 (lower panel). Thus, this fragment corresponds to the C-terminal portion of Tim23 that is integrated into the inner membrane. We analyzed the protease accessibility of other proteins of the outer membrane, the intermembrane space, and the inner membrane to control the intactness of the mitochondria. The surface-exposed receptors Tom70 and Tom22 were readily degraded by PK, while outer membrane proteins Tom40 and porin were completely resistant to the proteolytic attack of PK (data not shown). Cytochrome b 2 , a protein of the intermembrane space, was protease resistant in mitochondria but sensitive to PK in mitoplast preparations ( Figure 3B ), indicating intactness of the mitochondria. Similarly, the ADP/ATP carrier (AAC) of the inner membrane was resistant to PK treatment of mitochondria ( Figure 3B ). In mitoplast preparations, AAC was clipped by PK and a proteaseresistant fragment, AACЈ, was generated, which indicates that the intermembrane space was opened while the matrix space remained closed (Pfanner and Neupert, 1987) . Tim17, which is in a complex with Tim23 in the inner membrane, was also resistant to PK treatment of mitochondria but was readily degraded when mitoplasts were treated with PK ( Figure 3B ). Together, this demonstrates that the mitochondria were intact and the intermembrane space remained sealed during the PK treatment. To further control the intactness of the mitochondria, we tested a number of different proteases. Tim23 was clipped by pronase and with low efficiency by subtilisin, and a fragment of approximately the size of Tim23* was generated (data not shown). Tim23 was neither cleaved by chymotrypsin nor by endoproteinase Glu C, elastase, papain, or trypsin. Thus, the N-terminal domain of Tim23 is accessible to unspecific proteases such as PK, pronase, and subtilisin in intact mitochondria.
Why was the accessibility of the N terminus of Tim23 in mitochondria not detected previously? Protease treatments of mitochondria were routinely carried out in import buffer that contains 80 mM KCl using 0.1 mg/ ml PK. The generation of Tim23* was salt sensitive, and 0.5 mg/ml PK were required to generate a significant fraction of Tim23* in the presence of 80 mM KCl (data and were then treated with PK ( Figure 3D ). Tim23* was generated by PK independent of ⌬. This indicates that dimerization of the presequence receptor domain of Tim23 does not affect the accessibility of the N terminus at the outer membrane. As shown above, only a fraction of Tim23 was clipped when mitochondria were treated for 30 min with 300 g/ ml PK. We tested whether at higher concentrations of PK Tim23 would be further degraded in a nonspecific manner or whether a larger fraction of Tim23 would be specifically converted to the Tim23* fragment. Mitochondria were therefore incubated with 1 mg/ml PK at 0ЊC ( Figure 4A ). Under these conditions, the N terminus of Tim23 was rapidly and efficiently clipped. The halftime of cleavage was approximately 7 min, and virtually all Tim23 was converted to Tim23* after 30 min of incubation. The formation of Tim23* was temperature dependent ( Figure 4B ). Tim23 was partially clipped by 0.5 mg/ ml PK at 0ЊC and at 12ЊC, while Tim23* was efficiently generated at 25ЊC. Quantification of Western blots indicated that all Tim23 was converted to Tim23* (data not shown). Tim23* was the end product, and no further degradation was observed at any of the three temperatures. In particular, the 13 kDa C-terminal fragment of Tim23 was not generated, and AAC was not clipped to AACЈ by PK (data not shown), supporting that the outer membrane remained intact. Apparently, the protease did not induce leakiness of the outer membrane. Rather, specifically the N terminus of Tim23 was accessible to PK in intact mitochondria.
For control, mitoplasts were prepared and treated at 0ЊC with different concentrations of PK. In marked contrast to intact mitochondria, 10 g/ml PK were sufficient to fully degrade the intermembrane space domain of Tim23 in mitoplasts ( Figure 4C ). No fragment corresponding to Tim23* was generated under these condi- accessible to PK, and the resulting fragment, Tim23*, is not further degraded even by high concentrations of PK To map the PK cleavage site in Tim23, we constructed in intact mitochondria. In mitoplasts, in contrast, Tim23 Tim23⌬10 and Tim23⌬20, truncated versions of Tim23 is sensitive to low concentrations of protease. Thus, that lack 10 and 20 N-terminal amino acid residues, the N terminus of Tim23 is apparently exposed on the respectively. Radiolabeled precursors were synthesized surface of the outer membrane while its C terminus is in vitro and imported into energized mitochondria that integrated into the inner membrane. were subsequently treated with PK in low-salt buffer ( Figure 3C ). Tim23 and Tim23⌬10 were clipped by PK Does Tim23 Penetrate the Outer Membrane and Tim23* was generated. Tim23* displayed essentially through the TOM Complex? the same electrophoretic mobility as Tim23⌬20, which Mitochondria were lysed with digitonin, and immunoprewas resistant to PK treatment after import into the mitocipitations were performed. As expected, Tom40 did not chondria. This demonstrates again the intactness of the coprecipitate with antibodies against Tim23 and vice mitochondria and indicates that PK cleaves We constructed a yeast strain that expressed Tom40 in the chromosome under control of the Gal10 promoter ( Figure 5B, upper part) . The cells were grown in the presence of galactose and then shifted to galactose-free medium for 12 hr. Control cells were kept in galactosecontaining medium. The cells were harvested, and mitochondria were prepared. Mitochondria from cells grown in the absence of galactose contained significantly reduced levels of Tom40 ( Figure 5B ). When the mitochondria were incubated with 200 g/ml PK, similar fractions of Tim23 were converted to Tim23*. Together, these observations suggest that the number of TOM complexes does not significantly affect the generation of Tim23* by PK in intact mitochondria. Corresponding results were obtained with mitochondria from a yeast strain that did not express porin, the major pore-forming protein of the outer membrane (data not shown).
The N Terminus of Tim23 Is Integrated into the Outer Membrane
To examine the possibility that the N terminus of Tim23 is integrated in the outer membrane, we constructed a fusion protein between the CH2-CH3 domains of the heavy chain of human IgG (Kolanus et al., 1996) and the N-terminal 73 amino acid residues of Tim23. Radiolabeled Ig-Tim23(1-73) precursor was synthesized in reticulocyte lysate and incubated with deenergized mitochondria. Subsequently, the mitochondria were treated with trypsin and 1 M NaCl and then reisolated by cen- Ig-Tim23(1-73) was not imported into these mitochonWe then asked whether the accessibility of Tim23 dria ( Figure 6C ). In summary, these data indicate that Igin mitochondria is correlated with the number of TOM Tim23(1-73) was imported like a typical outer membrane complexes, which are about 2-fold more abundant than protein.
TIM23 complexes (Dekker et al., 1997; Sirrenberg et al.,
To analyze whether the N-terminal portion of Tim23 1997). Yeast cells that expressed tom40ts1, a temperafunctions as an import signal into the outer membrane ture-sensitive allele of TOM40 (Kassenbrock et al., in vivo, we isolated mitochondria from a yeast strain that 1993), and the parental WT cells were grown at 25ЊC expressed Tim23(1-62)-DHFR, a fusion protein between and then shifted for 6 hr to a nonpermissive temperature.
the N-terminal 62 amino acid residues of Tim23 and Mitochondria were isolated from both strains. WT mitomouse dihydrofolate reductase. As reported previously, chondria and tom40ts1 mitochondria contained similar Tim23(1-62)-DHFR is targeted specifically to the mitolevels of Tim23 ( Figure 5A ). Tom40, however, was not chondria in vivo (Ká ldi et al., 1998). To localize Tim23(1-detectable in tom40ts1 mitochondria, demonstrating 62)-DHFR, submitochondrial particles were generated, that the number of TOM complexes was significantly purified by centrifugation on two consecutive sucrose lower than in WT mitochondria. The mitochondria were gradients, and analyzed for their protein composition then treated with 200 g/ml PK. Tim23* was generated ( Figure 6D ). The majority of Tom40 fractionated with in WT and tom40ts mitochondria with similar efficiency outer membrane vesicles (OMV). A portion was recovered in the fraction containing inner membrane vesicles ( Figure 5A ). In summary, the N-terminal domain of Tim23 contains an import signal that mediates its insertion into the outer For further analysis, Tim23(1-62)-DHFR-containing mitochondria were treated with carbonate (pH 11) and membrane independent of the inner membrane potential ⌬. As the C-terminal half of Tim23 is integrated into subjected to flotation centrifugation in a sucrose gradient ( Figure 6E ). ATPase subunit ␤ (F 1 ␤) was extracted the inner membrane, Tim23 appears to span both mitochondrial membranes. from the membranes by carbonate and remained at the 
Topology of Tim23 Fusion Proteins
gene, indicating that the chimeric proteins were functional. Like Tim23⌬50 cells, Ig-Tim23⌬50 cells had a To characterize the association of the N terminus of Tim23 with the outer membrane in more detail, we temperature-sensitive growth phenotype (data not shown). constructed the chimeric proteins Ig-Tim23 and IgTim23⌬50 in which the CH2-CH3 domains of the human Ig-Tim23 was readily detectable in total cell lysates ( Figure 7A, left panel) . When mitochondria were preIgG heavy chain were fused to Tim23 and Tim23⌬50 ( Figure 7A, upper portion) . Cells expressing Ig-Tim23 or pared, Ig-Tim23 was partially degraded, indicating that the fusion protein was quite sensitive to degradation by Ig-Tim23⌬50 complemented a disruption of the TIM23 yeast proteases. Interestingly, the fragment (**) that was result from translocation intermediates of Ig-Tim23 that may have accumulated in vivo and remained unspecifgenerated was approximately of the same size as Tim23 and was detected by antibodies against the C terminus ically attached to the outer membrane, mitochondria were extracted with carbonate (pH 11) ( Figure 7D ). of Tim23. This demonstrates that specifically the CH2-CH3 domains of the fusion protein were proteolytically Tim23, Ig-Tim23, and Ig-Tim23⌬50 were recovered with the carbonate-extracted membranes, indicating that removed during isolation of mitochondria while the Tim23 portion was inaccessible to the proteases. The these proteins were membrane integrated. In summary, the import signal in the N terminus of isolated mitochondria were then treated with two different concentrations of PK. The CH2-CH3 domains were Tim23 is not required for translocation of large domains into the intermembrane space but specifically targets degraded by 0.3 mg/ml PK, and protease-resistant fragments (** and Tim23*) were generated. At 1 mg/ml PK, the N-terminal portion of Tim23 into the outer membrane. Since the C-terminal domain of Tim23 is intethe fusion protein was completely converted to Tim23*. When mitoplasts were treated with PK, the 13 kDa C-tergrated into the inner membrane, Tim23 is anchored in both membranes and links the outer and inner mitochonminal fragment was generated that corresponds to the portion of Tim23 that is inserted into the inner memdrial membranes. brane. This suggests that Ig-Tim23 has the same topology as Tim23; the N terminus spans the outer membrane while the C terminus is inserted into the inner membrane. Discussion When mitochondria harboring Ig-Tim23⌬50 were treated with PK, the fusion protein was resistant to A main question in the field of protein import into organelles bounded by two membranes, such as mitochondria protease treatment, while Tim23 was clipped by PK (Figure 7A, right panel) . This indicates that Ig-Tim23⌬50 and chloroplasts, is how translocation across these membranes is coordinated. It has been observed early was completely imported across the outer membrane. Apparently, the import signal in the C-terminal portion on that proteins being translocated from the cytosol into the matrix of the mitochondria span both membranes of Tim23 is sufficient to drive complete translocation of a large passenger domain across the outer membrane. Salient features of this model are that the two-memremain exposed on the surface of the outer membrane brane-spanning topology of Tim23 ensures a high local in the same manner as the N terminus of Tim23. Thereconcentration of TIM23 complexes in the inner boundary fore, this import signal seems to be necessary to specifimembrane where protein import occurs and that the cally target the N-terminal domain of Tim23 into the receptor domain of the Tim23 is positioned at the inner outer membrane. Thus, Tim23 spans both mitochondrial face of the outer membrane. Thereby, the search for membranes and accordingly must form contacts bethe presequence bound to the trans-site of the TOM tween the mitochondrial outer and inner membranes. complex would be reduced to two dimensions and thus The N terminus of Tim23 appears to be inserted into the be more efficient than a random three-dimensional lipid bilayer of the outer membrane, but other possibilisearch. ties of how Tim23 crosses the outer membrane are not excluded. The interaction of Tim23 with the outer memExperimental Procedures brane could be dynamic, although a dynamic interaction is not likely in the case of Ig-Tim23.
Construction of Plasmids and Yeast Strains
The topology of Tim23 is novel and unusual. It seems nin, which are integrated into the viral envelope and hybrid promoter was subcloned into the pUC18, resulting in pBD1.
particles (Sigma). Mitochondria were reisolated by centrifugation and washed twice with 0.6 M sorbitol and 20 mM HEPES/KOH (pH pBD1 was digested with SalI, treated with Klenow, and then digested with HindIII. The 5Ј untranslated region (370 bp) upstream of the 7.2). The mitochondrial pellet was then resuspended in import buffer containing 2.5% glutaraldehyde and incubated overnight at 4ЊC. The promoter of TOM40 was amplified by polymerase chain reaction (PCR) and subcloned into pBD1. A 1222 bp BamHI-HindIII fragment fixed mitochondria were pelleted by centrifugation and postfixed for 1 hr with 1% osmium tetroxide. After two washing steps in distilled containing the TOM40 ORF was subcloned into pUC19, resulting in pBD3. pBD2 and pBD3 were digested with NarI and BamHI. The water, the mitochondria were stained en bloc with 1% uranyl acetate in 20% acetone. Dehydration was performed with a graded acetone NarI-BamHI fragment from pD2 carrying the 5Ј untranslated region of TOM40, the URA3 gene, and the GAL10-CYC1 promoter was series. The samples were then infiltrated and embedded in Spurr's low-viscosity resin. After polymerization, ultrathin sections with ligated to the NarI-BamHI fragment from pD3 containing the TOM40 ORF, giving rise to pGB5100. To replace the TOM40 promoter by thickness between 50 and 70 nm were cut with a diamond knife and mounted on uncoated copper grids. The sections were the Gal10-CYC promoter, pGB5100 was digested with HindIII, and S. cerevisiae W334 was transformed with the DNA. URA ϩ colonies poststained with aqueous lead citrate (100 mM [pH 13.0]). All micrographs were taken with a EM 912 (LEO, Oberkochen, Germany) that grew on galactose but not on glucose-containing medium were selected and analyzed. Expression of Tim23⌬50: the Tim23 prooperated in the zero loss mode. moter (Ϫ530 -ϩ1) and Tim23⌬50 were amplified by PCR and subcloned into pFL59. The diploid YPH501(TIM23/tim23::URA3) cells
